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A PROCESS AND APPARATUS FOR THE PRODUCTION OF SYNTHESIS GAS 



BACKGROUND OF THE INVENTION 

The present invention relates to a process and apparatus for the 
production of synthesis gas, particularly for but not necessarily limited to, use 
5 in the production of hydrocarbon liquid fuels (e.g. using the Fischer-Tropsch 
("F-T") process), methanol (e.g. by catalytic hydrogenation of carbon monoxide), 
oxo-alcohols and dimethyl ether ("DME"). 

Natural gas may be found in remote locations both on- and offshore. It is 
10 generally expensive and impractical to transport natural gas from its source to a 
distant processing plant. One solution is to convert the gas on-site to a 
valuable and easily transportable product. In this way, the value of the natural 1 
gas may be increased. 

15 Natural gas may be converted to synthesis gas (or "syngas") which is a 

mixture of carbon monoxide and hydrogen. Syngas may be converted to a solid 
or liquid synthetic fuel ("synfuel") or converted to methanol, oxo-alcohols or 
DME. For optimum conversion in the F-T process, the ratio of hydrogen to 
carbon monoxide is preferably about 2 to 1. The conversion products have less 

20 volume per unit mass (i.e. have a greater density) than the natural gas. 

Accordingly, it is more economical to transport conversion products than a 
corresponding amount of natural gas. 

Syngas may be produced using a heat exchange reforming ("HER") 
process. A conventional two-step HER process may use natural gas as 
feedstock and employs a primary exothermic (or heat-generating) unit producing 
syngas, e.g. from natural gas and oxygen, coupled with a secondary 
endothermic (or heat-requiring) unit that uses at least a portion of the heat 
generated in the primary unit to produce farther syngas^ e.g. by a reforming 
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reaction of natural gas and steam. In certain HERs, the syngas generated by 
the HER feeds the primary exothermic unit, while other HERs operate in parallel 
to the exothermic unit and augment the syngas production therein. 

5 There are several methods of producing syngas from natural gas. 

Examples of these methods include: 

(a) Steam-methane reforming ("SMR") which uses an endothermic catalysed 
reaction between natural gas and steam. There is a need to import carbon 

10 dioxide or otherwise remove excess hydrogen to achieve the required ratio of 2 
to 1 for the relative proportions of hydrogen and carbon monoxide in the 
resultant syngas. In many applications (including F-T processes, methanol 
synthesis and other chemical processes), such an opportunity to import carbon 
dioxide and/ or escort any separated excess hydrogen may not be available 

15 and/or economical; 

(b) Partial oxidation ("POX") of natural gas with pure oxygen which achieves 
a hydrogen to carbon monoxide ratio in the resultant syngas in the range from 
1.6 - 1.8 to 1. Imported hydrogen is needed to achieve that required ratio of 2 

20 to 1 for the relative proportions of hydrogen and carbon monoxide in the 
resultant syngas; 

(c) Autothermal reforming ("ATR") which uses a partial oxidation burner 
followed by a catalyst bed with a feed of natural gas, steam and oxygen to 

25 produce the required 2 to 1 ratio for the relative proportions of hydrogen and 
carbon monoxide in the resultant syngas; and 

m 

(d) Catalytic partial oxidation ("CPO") which is the reaction of natural gas 
with oxygen over a catalyst that permits flameless partial combustion to 

30 hydrogen and carbon monoxide in the required relative proportions in the 
resultant syngas. 

For POX, ATR and CPO, the oxidation reaction in the primary heat- 
generating unit is exothermic and, thus, the syngas is produced at elevated 
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temperature. For example, POX produces syngas at a temperature of from 1200 
to 1400°C, ATR produces syngas at a temperature of from 900 to 1 lOO'^C and 
CPO produces syngas at a temperature of from 1000 to llOO^C. 

5 The excess heat generated in these processes may be used to generate 

steam, for example in waste heat boilers, that can be used in steam turbines to 
generate power for air separation systems, air compressors and other 
equipment. 

10 The excess heat may be used with additional natural gas and steam in a 

separate secondaiy unit to generate further syngas via steam-methane 
reforming. Hiis process is the basis of the generic two-step HER process. In 
such a process, the high temperature syngas from the primary heat-generating 
unit is usually introduced to the shell-side of a shell and tube style steam- 

15 methane reformer. The tubes may contain conventional steam-methane 

reforming catalyst over which natural gas and steam react endothermically to j 
form syngas. The heat from syngas on the shell-side of the reformer is used to 
drive the endothermic steam-methane reforming reaction. The syngas stream 
leaving the tubes can be separately collected and used to feed the primary 

20 exothermic syngas generator. Preferably, however, the syngas streams leaving 
the tubes are combined with the syngas on the shell-side to produce syngas 
having the desfred ratio of hydrogen to carbon monoxide at a temperature of 
from 500 to 600**C. 

25 A secondary unit in which reforming takes place over catalyst using heat 

taken from the primary heat-generating unit is known as a Heat Exchange 
Reformer. One such example is described in US-A-49 19844 (Wang; published 
on 24th April 1990) and is called an Enhanced Heat Transfer Reformer (or 
"EHTR"). The disclosure of this patent is incorporated herein by reference. 

30 Other existing HER processes are disclosed in WO-A-98/32817 (Halmo et al; 

published on 30th July 1998), WO-A-00/09441 (Abbot; published on 24th 

February 2000), WO-A-00/03126 (Fjellhaug et al\ published on 20th January 

2000) and US-A-5362453 (Marsch; published on 8th November 1994). These 

disclosures are also incorporated herein by reference. 

-3- 



wo 03/070629 



PCT/IB03/00695 



4/ 

' An example of an HER process is disclosed in USSN 09/965979 (filed on 
27th September 2001 and claiming priority from GB0025150.4 filed on 13th 
October 2000) and this disclosure is incorporated herein by reference.. In this 
5 example, a POX reactor is used in combination with an EHTR. Hydrocarbon 
fuel gas is reacted with steam and/or oxygen gas in a syngas generation system 
to produce a s)mgas product stream. An oxidant gas is compressed to produce 
a compressed oxidant gas, at least a portion of which is combusted in the 
presence of combustion fuel gas to produce combustion product gas. The 

10 combustion product gas is expanded to produce power and expanded 

combustion product gas. Heat from the expanded combustion product gas is . 
recovered by using the expanded combustion product gas to heat steam by heat 
exchange to produce heated steam, at least a portion of which is used to provide 
at least a portion of any steam requirement for producing the syngas product 

15 stream in the syngas generation system. Additionally or alternatively, at least a 
portion of the oxygen gas is provided using an ASU that is driven by at least a 
portion of the power generated by the expansion of the combustion product gas. 

Syngas product feeding conversion processes will unavoidably contain 
20 carbon dioxide. For F-T synfuel processes that use cobalt catalysts, this carbon 
dioxide behaves like an inert. Whilst it can be vented downstream, the carbon 
and oxygen capture efficiency of the entire gas to liquid ("GTL") process is lower, 
which contributes to the greenhouse effect. It is thus desirable to recycle this 
carbon dioxide to the front-end syngas generator. It is a primary objective of 
25 preferred embodiments of this invention to enable efSdent recycle of carbon 
dioxide and affect its efficient conversion to useful carbon monoxide, while 
minimizing the amount of such recycle and usage of oxygen feedstock. 

Loss of carbon dioxide and methane from natural gas conversion processes 

30 is undesirable for several reasons. First, these gases are well known to have 

"greenhouse gas" properties. Secondly, valuable carbon atoms are being lost to 

the atmosphere thereby affecting the carbon efficiency and yield of the overall 

processes. Therefore, it is also an objective of preferred embodiments of the 

present invention to reduce the emission level of these greenhouse gases and 
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other pollutants, for example oxides of nitrogen ("NOx"), and to recover at least 
some of the valuable carbon that is usually lost in natural gas conversion 
processes using HER technology for syngas generation. 

5 In HER processes where hot gas is introduced to the shell-side of an 

HER, it is undesirable for the temperature of the syngas leaving the primary 
heat-generating unit to be too high as the mechanical integrity of the HER may 
be challenged. For example, the metal of the HER may lose its physical 
strength and soften. Therefore, it is another objective of preferred embodiments 
10 of the present invention to reduce or eliminate the possibility of problems with 
the mechanical integrity of the HER resulting from excessive syngas 
temperature in natural gas conversion processes using HER technology. 

The POX process can generate sjnigas with small amounts of solid carbon 
15 particles or soot. This soot could foul or erode the heat exchange surfaces in 
the downstream HER. It is thus another objective of this invention to reduce or 
eliminate the potential for problems arising for such solid carbon particles. 

US-A-4731098 (Marsch: published on 15th March 1988) discloses a 
20 reformer in which natural gas and steam are reformed to produce syngas. The 
syngas is then mixed with natural gas and oxygen or air before the mixture 
leaves the reformer. 

Water has been used as a diluent in the production of syngas. Examples 
25 of such use of water have been disclosed by P. Osterrieth and M. Quintana ("A 
New Approach to the fVoduction of Custom-made Synthesis Gas Using Texaco's 
Partial Oxidation Technology"; Texaco Development Corporation; AIChE meeting 
Presentation, 6th March 1988) and by W, Francis Fong and M. E, Quintana 
("HyTEX: A Novel Process for Hydrogen Production"; Texaco Development 
30 Corporation; NPRA 89th Aimual Meeting, 17th- 19th March 1991, San Antonio, 
Texas) 

US-A-3723344 (Reynolds; pubHshed on 23th March 1973) and 

US-A-3919114 (Reynolds; published on 11th November 1975) both describe 
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processes for the generation of synthesis gas. The synthesis gas is produced by 
the partial oxidation of hydrocarbon fuel with a free oxygen-containing gas, 
optionally, in the presence of a temperature moderator such as steam. Carbon 
dioxide-rich gas or steam is combined with a stream of the synthesis gas 
5 product and the gaseous mixture is then subjected to a non-catalytic, water gas 
reverse shift reaction and a portion of the carbon dioxide in the combined 
stream is reduced to carbon monoxide while simultaneously a stoichiometric 
amount of hydrogen is oxidized to water. Heat is removed from the resxiltant 
shift product gas in a waste heat boiler. Soot is then removed from the 
10 resultant cooled shift product gas using quench water in a gas-liquid contact 
apparatus. Carbon (dioxide is then removed from the soot-depleted shift 
product gas and the resultant synthesis gas is then used in the sjmthesis of 
hydrocarbons and/or methanol. 

15 In meeting the above-mentioned objectives, it is also important that any 

modifications to existing HER processes do not affect adversely the yield of 
conversion products, the capital and/or operating costs and the level of power 
usage. 

20 BRIEF SUMMARY OF THE INVENTION 

It has been found that these objectives may be achieved with the 
introduction of a cooling stream of reactive diluent fluid to the syngas produced 
in the primary heat-generating unit to produce a cooled mixture of syngas and 
reactive diluent fluid and the subsequent reaction of at least two of the 
25 components of the mixture to either produce further carbon monoxide and/ or to 
gasify solid carbon particles. 

Hydrocarbon-containing fuel is exothermically reacted with an oxidant 
gas comprising molecular oxygen in a first reactor to produce an exothermically- 
30 generated syngas product. A stream of reactive diluent fluid is combined with a 
stream of said exothermically-generated syngas product to produce a reactive 
mixture and the reactive mixture is reacted in a second reactor to produce a 
reacted syngas product. The reacted syngas is introduced into a secondary 
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reforming unit in an HER process. One advantage of the invention is that the 
reacted syngas product is cooled before being introduced into the secondary 
unit thereby avoiding negatively affecting the mechanical integrity of the 
secondary unit. 

6 

If the reactive diluent fluid comprises gases produced downstream in the 
overall process that would otherwise be vented to the atmosphere or that would 
have to undergo treatment before venting to atmosphere, the level of pollutant 
emissions to the environment may be reduced and corresponding cost savings 
10 may be achievable from the pollutant gas treatment processes. 

Carbon dioxide and hydrogen present in the reactive mixture may be 
converted into water and valuable carbon monoxide. Hiis conversion is 
particularly useful when the reactive diluent fluid is carbon dioxide. However, it 

15 still has useful application when the reactive diluent fluid is not carbon dioxide 
but the source of hydrocarbon fuel (e.g. natural gas) containing significant 
quantities of carbon dioxide. The additional carbon monoxide produced may be 
used downstream to improve the yield of the natural gas conversion products. 
If the reactive diluent fluid comprises carbon dioxide that has been recycled 

20 from downstream processes then there is a further advantage in that the level of 
carbon dioxide emission to the environment is reduced. 

If the syngas is utililized in an F-T synfuel process, the gas exiting such a 
downstream process can contain significant amounts of carbon dioxide. Such 

25 gas typically also contains unconverted syngas as well as light hydrocarbons. It 
is particularly advantageous to this invention to recycle such carbon dioxide- 
comprising gas as the reactive diluent. Such gas can be reqrcled as diluent 
without further processing in which case the other components (other than 
carbon dioxide) would participate in the reaction, increasing the production of 

30 desired S3mfuel. Alternately, the carbon dioxide content of such gas can be 
isolated in an acid gas removal ("AGR") unit for recycle to the front end of the 
process and the other components could be used as fuel. The carbon dioxide, 
steam, o^iygenates and molecular hydrogen in the recycled diluent can 
participate in the gasification of soot. 
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A reverse water gas shift reaction may be used to convert the carbon 
dioxide and hydrogen into water and valuable carbon monoxide. Such a 
reaction is endothermic and, thus, uses heat from the reactive mixture thereby 
imposing additional cooling on the syngas and assisting in the overall ability to 
maintain mechanical integri in a secondary reforming unit of an HER process. 

In existing HER processes where carbon dioxide is recycled from 
downstream processes, the carbon dioxide is fed to the tube side of the HER 
unit of the synthesis gas generation system. In the tubes of the HER unit, the 
foUov-dng two reactions take place; 

CO2 + CH4 2C0 + 2H2 (I) 

CH4 .+ H2O CO + 3H2 ....(H) 

Reaction (I) is thermodynamically less favourable than reaction (II) and 
requires higher temperatures. The temperature at the exit of the HER tubes is 
necessarily lower than the temperature of the gas from the exothermic reactor. 
Therefore, the carbon dioxide is not completely converted when the syngas exits 
the tubes of the reformer unit. If the HER is a parallel type (such as an EHTR), 
this can lead to excessive costs associated with the recycle of carbon dioxide. 

According to preferred embodiments of the present invention, carbon 
dioxide is converted to carbon monoxide in a reverse water gas shift reaction 
before being fed to the secondary reformer unit. The following reaction takes 
place in the reverse water gas shift reactor: 

CO2 + H2 o CO + H2O (Ill) 

Reaction (III) is in equilibrium but the position of the equilibrium is 
pushed far over to the right hand side due to the high temperature of the syngas 
and the continual introduction of carbon dioxide. Hierefore, by recycling 
carbon dioxide, injecting it into the exothermically-generated syngas product 
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produced in the primary heat-generating unit and subjecting the reactive 
mixture to a reverse water gas shift reaction, more carbon dioxide may be 
converted to useful carbon monoxide. This conversion minimizes the size of the 
carbon dioxide recycle loops and associated costs. In addition, the reverse shift 
5 reaction zone assists in the gasification of any soot in the syngas from a POX- 
type exothermic unit, mitigating any erosion or fouling concerns in the surfaces 
of heat exchangers downstream, including HERs, boilers and preheaters. It can 
also eliminate the requirement of a scrubber that normally accompanies POX 
processes. 

10 

BRIEF DESCRIPTION OF THE DPJVWINGS 

FIGURE 1 is a flowsheet describing one embodiment of the process of the 
present invention; 

FIGURE 2 is a flowsheet describing a hydrocarbon conversion process in 
15 which the process of Figure 1 is integrated with a downstream generic syngas 
conversion process to produce hydrocarbon liquid fuels or other liquid products; 
and 

FIGURE 3 is a flowsheet describing another embodiment of the process of 
the present invention. 

20 

DETAILED DESCRIPTION OF THE INVENTION 

According to one aspect of the present invention, there is provided a 

process for the production of syngas comprising carbon monoxide and 

molecular hydrogen, said process comprising; 
25 exothermically reacting hydrocarbon-containing fuel an oxidant gas 

comprising molecular oxygen in a first reactor to produce an exothermically- 

generated syngas product; 

combining a stream of reactive diluent fluid with a stream of said 

exothermically-generated syngas product to produce a reactive mixture; 
30 reacting said reactive mixture in a second reactor to produce a reacted 

syngas product; and 
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endothermically reforming hydrocarbon-containing fuel gas with steam 
over a catalyst in a heat exchange reformer to produce a heat exchange- 
reformed syngas product, 

wherein at least a portion of the heat required in the generation of said heat 
5 exchange-reformed syngas product is obtained by recovering heat from said 
reacted syngas product thereby cooling said reacted syngas. 

The "reactive diluent fluid" includes any diluent fluid that is capable of 
cooling syngas by direct heat exchange and comprising at least one component 

10 that may react with at least one component of the synthesis gas. The "reactive 
mixture" comprises cooled exothermically generated syngas product and 
reactive diluent fluid. The "reacted syngas product" includes the product 
syngas that has undergone a further reaction either to produce further carbon 
monoxide or to remove solid carbon particles, e.g. soot, produced as a by- 

15 product of the oxidation reaction in the primaiy heat-generating unit. Thus, the 
present may be used for soot control purposes. 

The hydrocarbon fuel may be a solid or liquid fuel but it is preferably a 
gas. Natural gas is the preferred fuel. Pure molecular oxygen is preferred as 
20 the oxidant gas over an oxidant gas comprising molecular ojq^gen such as air. 
Water may be present in the reaction to produce exothermically-generated 
syngas product (for example, if an ATR process is used). If water is present, it 
may be used in liquid form in which case it will vaporise immediately upon 
entry into the first reactor. However, the use of steam is preferred. 

25 

An advantage of this invention is that the temperature of the 
exothermically-generated syngas product is reduced and may be controlled as 
required for downstream processing. The downstream mechanical integrity 
problems that may result from the high levels of heat generated in the primaiy 
30 heat-generating unit may be avoided and process operability may be improved 
by controlling the reduced temperature of the exothermically-generated syngas 
product. 
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Another advantage of this invention that any solid carbon present in the 
exothermically-generated syngas product can be at least partially gasified 
mitigating fouling, erosion or plugging of downstream heat exchangers such as 
HERs, boilers or preheaters. 

5 

Where the reactive mixture comprises carbon dioxide, at least a portion 
of the carbon dioxide may be reacted together with at least a portion of the 
molecular hydrogen in said mixture over a catalyst in a reverse water gas shift 
reaction zone to produce a carbon monoxide-enriched S3aigas product. 

10 

Where the reactive mixture comprises solid carbon particles, at least a 
portion of the particles may be gasified by reaction with at least one other 
component of the mixture in a gasification zone to produce a solid carbon- 
depleted syngas product. The gasification reaction preferably occurs on the 
15 surface of a gasification reaction support structure and may be catalysed. 

The process further comprises endothermically reforming hydrocarbon- 
containing fuel gas with steam over a catalyst in a heat exchange reformer to 
produce a heat exchange-reformed syngas product. At least a portion of the 
20 heat required in the generation of said heat exchange-reformed syngas product 
is obtained by recovering heat from said reacted syngas product thereby cooling 
the reacted syngas product. Use of this heat in this way provides further overall 
cooling of the syngas. The heat exchange-reformed syngas product may be 
combined with the reacted syngas product prior to heat recovery. 

25 

When the reactive diluent fluid is a gas, the exothermically-generated 
sjmgas product is first cooled via sensible heat exchange. When the reactive 
diluent fluid is a liquid, inital cooling occurs ida vaporisation and sensible heat 
exchange. The reactive diluent fluid may be recovered and recycled fi-om 
30 downstream processing of syngas. The reactive diluent fluid may promote the 
gasification of any solid carbon particles or soot present in the reactive mixture. 
The reactive diluent fluid may be imported from an external source. 
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The reactive diluent fluid preferably comprises carbon dioxide. An 
advantage of using carbon dioxide as the diluent is that it may be readily 
converted to more useful carbon monoxide ina a reverse water-gas shift reaction 
(see reaction (III)), resulting in more carbon monoxide being available for 
downstream processing. In addition, if the carbon dioxide has been recycled 
from downstream processes, the potential emission level of this greenhouse gas 
is reduced. 

The reactive diluent fluid may comprise carbon dioxide separated, e.g. by 
acid gas recovery and recycled from downstream syngas or recovered and 
recycled from, downstream processing of syngas. Alternately, the residual gas 
from a GTL reactor comprising carbon dioxide can be recycled without 
processing in an AGR unit. The reactive diluent may comprise the products of a 
combustion process which would contain a significant quantity of carbon 
dioxide. The combustion products may be selected from the group consisting of 
combustion furnace flue gases and gas turbine exhaust gas. The reactive 
diluent fluid may comprise carbon dioxide imported from an external source. 
For certain applications, the reactive diluent fluid may comprise carbon dioxide 
and methane either alone or together with other hydrocarbon(s) such as ethane, 
propane, butane, pentane, hexane and/or their isomers. In a typical F-T based 
GTL process, the diluent may be a residual efQuent of the reactor after 
separation of synfuel and water. In this case, it would comprise of carbon 
dioxide, unreacted carbon monoxide and molecular hydrogen, low molecular 
weight paraffins, olefins and oxygenates. The recycling of these gases increases 
their utilization and increases the overall GTL process efSciency. 

The reactive diluent fluid may comprise molecular hydrogen. The 
injection of hydrogen into the first syngas product pushes the position of the 
equilibrium in reaction (III) in a reverse water gas shift reaction towards the 
carbon monoxide product side. This efilect is advantageous because it promotes 
the conversion of carbon dioxide to carbon monoxide. 

The use of carbon dioxide or molecular hydrogen as diluent is 

advantageous as both gases are capable of promoting the gasification of carbon 
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components in the mixture of cooled exothermically-generated syngas product 
and reactive diluent fluid. 

The reactive diluent fluid may comprise water. The water may be in the 
5 form of liquid water or steam or may comprise a combination of liquid water and 
steam. The injection of water is primarily to promote the gasification of carbon 
components in the mixture of cooled exothermically-generated S3aigas product 
and reactive diluent fluid. 

1 0 The reacted syngas product from the reformer or a syngas mixture 

derived therefrom is preferably used in a downstream conversion process to 
produce conversion products selected from the group consisting of hydrocarbon 
liquid fuels, methanol, DME and oxo-alcohols. 

15 In another embodiment of the present invention, a second diluent fluid is 

combined with the syngas stream between the point at which the reactive 
diluent fluid is combined with the exothermically-generated syngas product and 
the point at which heat is recovered from the reacted syngas product to adjust 
the temperature and/ or change the compsition of the relevant gas stream. 

20 

The second diluent fluid may change the composition of the gas stream 
entering the sheUside of a heat exchange reformer such that performance of the 
heat exchange reformer is enhanced. In another arrangement, the second 
diluent fluid may adjust the temperature of the gas stream entering the 
25 shellside of the heat exchange reformer such that the heat exchange reformer 
operates in a more desired temperature range. Composition change and/or 
temperature adjustment are achieved through physical/thermal mixing or/and 
reactions between the said reacted syngas product and the second diluent fluid. 

30 The second diluent fluid may be combined with the reactive mixture in 

any section of the second reactor or may be combined with the reacted syngas 
product at any point between the second reactor and the heat exchange 
reformer. Where the heat exchange reformer is a shell and tube style reformer 
in which the endothermic reforming reaction occurs within the tubes and the 
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reacted syngas product is introduced to the shell-side, the second diluent fluid 
is introduced in any section of the shell-side of the heat exchange reformer. 

The second diluent fluid may be inert or reactive. The fluid may be 
5 selected from the group consisting of water vapor, steam, liquid water, 

molecular hydrogen, carbon dioxide, methane (and other light (e.g. C2 to C6) 
hydrocarbons), offgas from downstream processes, and other substances 
(previously identified) that could enhance the performance of the heat exchange 
reformer and could adjust its operating temperature. 

10 

Water and /or steam may be combined as the second diluent with the 
reacted syngas product to reduce the amount of metal dusting inside the heat 
exchange reformer and/or to adjust the temperature of the reacted syngas 
product. Such injection of water and/ or steam increases the water 

1 5 concentration of the gas stream to the shellside of a heat exchange reformer. 
This increase in the water concentration reduces the severity of metal dusting 
conditions inside the heat exchange reformer. Water and/ or steam can also 
adjust the temperature of the gas stream to the shellside of a heat exchange 
reformer to meet requirements of the reformer operation. The temperature, 

20 amount, and form of the water or steam (i.e. gaseous or liquid) can be selected 
to fit the needs of the heat exchange reformer. 

Molecular hydrogen may be combined as the second diluent fluid with 
the reacted syngas product to enhance the heat exchange efficiency inside a 
25 heat exchange reformer. A recycle molecular hydrogen stream can be 

established as the second diluent. Due to the much greater heat conductivity of 
molecular hydrogen compared to other gases, the resulting hydrogen-rich 
environment can enhance the heat exchange efficiency inside a heat exchange 
reformer, thereby reducing the size and capital cost of the reformer. 

30 

The selection of the point at which the second diluent is introduced 

depends on the specific needs of a process. The injection can be made into any 

section of the second reactor comprising the shift reaction zone and/or the 

gasification zone, any section of the shellside of a heat exchange reformer, and 
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between the second reactor and the heat exchange reformer. In the 
arrangement where steam is introduced to mitigate metal dusting inside a heat 
exchange reactor and adjust the temperature of the gas stream to the reformer, 
the injection point may be between the exit of the second reactor and the 
entrance to the shellside of the heat exchange reformer. Alternatively, if the 
objective of steam injection is only for mitigating metal dusting, steam can be 
introduced into the section of the heat exchange reformer where metal dusting 
may occur, namely the section where temperature drops below the carbon 
precipitation temperature. 



The selection of injection point impacts on the performance and cost of a 
process. By way of comparison, introducing steam to the effluent of the primary 
reformer or to the tube side of the heat exchange reformer can also reduce metal 
dusting severity and/ or adjust temperature. However, these two introduction 

15 points result in additional carbon dioxide in the syngas product due to water 
gas shift reaction in either the second reactor or inside the tubes of the heat 
exchange reformer. Increased carbon dioxide concentration results in higher 
carbon dioxide separation cost and/or negative iiripact on downstream 
processes. The injection of steam between the second reactor and the heat 

20 exchange reformer, as proposed by the above mentionsed arrangement, does 
not produce additional carbon dioxide. 

In a second aspect of the present invention, there is provided a process 
for the production of syngas comprising carbon monoxide and molecular 
25 hydrogen, said process comprising; 

exothermically reacting hydrocarbon-containing fuel with an oxidant gas 
comprising molecular osqrgen in a first reactor to produce an exothermically- 
generated syngas product; 

cooling an efQuent stream of said exothermically-generated syngas 
30 product by combining reactive diluent fluid with said stream to produce a 
mixture comprising cooled exothermically-generated syngas product and 
reactive diluent fluid, said mixture fiu-ther comprising at least one component 
selected from the group consisting of carbon dioxide and solid carbon particles; 
said process further comprising: 
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reacting together carbon dioxide in said mixture with molecular hydrogen 
in said mixture over a catalyst in a second reactor to produce a reacted syngas 
product that is enriched in carbon monoxide; and/or 

gasifying solid carbon particles in said mixture with at least one other 
component in said mixture in a second reactor to produce a reacted syngas 
product that is depleted in solid carbon. 

The step of the process to produce solid carbon-depleted syngas can be 
carried out instead of the step to produce carbon monoxide-enriched syngas 
and vice versa. Alternatively, the two steps can be carried out either 
sequentially or simultaneously. Preferably, the reacted syngas product is both 
enriched in carbon monoxide and depleted in solid carbon. 

This process may also comprise endothermically reforming hydrocarbon- 
containing fuel gas with steam over a catalyst in a heat exchange reformer to 
produce a heat exchange reformed syngas product wherein at least a portion of 
the heat generated in the exothermic reaction producing said exothermically 
generated syngas product is used to drive the endbthermic reforming reaction. 

In a third aspect of the present invention, there is provided apparatus for 
the production of syngas comprising carbon monoxide and molecular hydrogen 
according the process of the first aspect, said apparatus comprising: 

a first reactor in which hydrocarbon-containing fciel is reacted 
exothermically with an oxidant gas comprising molecular 03cygen to produce an 
exothermically-generated syngas product; 

conduit means for removing an efQuent stream of said exothermically- 
generated syngas product from the first reactor; 

means for combining a stream of reactive diluent fluid with said efQuent 
stream to produce a reactive mixture; 

a second reactor in which said reactive mixture reacts to produce a 
reacted syngas product; 

a heat exchange reformer in which hydrocarbon-containing fuel gas is 
reformed endothermically with steam over a catalyst to produce a heat 
exchange-reformed syngas product; and 
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conduit means for feeding a stream of reacted syngas product from the 
second reactor to the heat exchange reformer, 

wherein at least a portion of the heat required in the generation of said heat 
exchange-reformed syngas product is obtained by recovering heat from said 
reacted syngas product thereby cooling the reacted syngas product. 

The first reactor is preferably selected from the group consisting of a POX 
reactor, an ATR or a CPO reactor. 

Where the reactive mixture comprises carbon dioxide, the second reactor 
preferably has a reverse water gas shift reaction zone in which at least a portion 
of the carbon dioxide and at least portion of the molecular hydrogen in the 
reactive mixture are reacted together over a catalyst to produce a carbon 
monoxide-enriched syngas. 

Where the reactive mixture comprises solid carbon particles, the second 
reactor may have a gasification reaction zone in which at least a portion of the 
solid carbon particles is gasified by reaction with at least one other component 
of the reactive mixture to produce a solid carbon-depleted syngas. 

The reformer is preferably a shell and tube style reformer in which the 
endothermic reforming reaction occurs within the tubes and the reacted syngas 
product is introduced to the shell-side. Most preferably, the reformer is an 
EHTR. 

The apparatus may further comprise means for combining a second 
diluent fluid with a syngas stream between the point at which the reactive 
diluent is combined with said exothermically-generated syngas product and the 
point at which heat is recovered from the reacted syngas product to adjust the 
temperature and/ or change the composition of relevant syngas stream. 

In a fourth aspect of the present invention, there is provided apparatus 
for the production of syngas comprising carbon monoxide and molecular 
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hydrogen according to the process of the second aspect, said apparatus 
comprising: 

a first reactor in which hydrocarbon-containing fuel is reacted 
exothermically with an oxidant gas comprising molecular oxygen to produce an 
5 exothermically-generated syngas product; 
a second reactor; 

conduit means for feeding an effluent stream of said exothermically 
generated syngas product from the first reactor to the second reactor; e 

means for combining reactive diluent gas with said efQuent stream to 
10 produce a mixture comprising cooled exothermically-generated syngas product 
and reactive diluent gas, said mixture further comprising at least one 
component selected from the group consisting of carbon dioxide and solid 
carbon particles; 

said apparatus further comprising: 
15 a reverse water gas shift reaction zone in which carbon dioxide in said 

mixture is reacted together with molecular hydrogen in said mixture over a 

catalyst in the second reactor to produce reacted synthesis gas product that is 

enriched in carbon monoxide; and/or 

a gasification reaction zone in which solid carbon particles in said 
20 mixture are gasified with at least one other component in said mixture in the 

second reactor to produce reacted syngas product that is depleted in solid 

carbon. 

The apparatus may further comprise: 
25 a heat exchange reformer in which hydrocarbon-containing fuel gas is 

reformed endothermicaUy with steam over a catalyst to produce a heat exchange 
reformed syngas product; and 

conduit means for reacted syngas product from the second reactor to the 
heat exchange reformer, 
30 wherein at least a portion of the heat generated in the exothermic reaction 
producing said exothermically generated S3mgas product is used to drive the 
endothermic reforming reaction. 



-18- 



wo 03/070629 



PCT/1B03/00695 



^ The first reactor is preferably a POX reactor as this reactor produces the 
highest temperature syngas (when compared with ATR and CPO) and the higher 
the temperature of the syngas from the primary heat-generating unit, the higher 
the conversion of carbon dioxide in the reactive diluent and the better the 
5 efficiency of downstream HER processing. The POX reactor is preferably used in 
combination with an EHTR as the heat exchange reformer. 



EXAMPLE 

10 Referring to Figure 1, a stream 2 of natural gas is preheated by indirect 

heat exchange 8, hydrodesulfurized as required, and divided into a first portion 
4 and a second portion 6. The first portion 4 is introduced into a POX reactor 
12. A stream 14 of oxygen is pre-heated by indirect heat exchange 16 and the 
pre-heated oxygen stream 18 is also fed to the POX reactor 12. The natural gas 

15 and the oxygen are reacted together in the POX reactor 12 to produce first 

syngas product. A stream 20 of first syngas product is removed fi-om the POX 
reactor 12 at a temperature of from 1200 to 1400*'C. 

A stream 22 comprising carbon dioxide is introduced to and cools the 
20 first syngas product stream 20. The cooled stream 24 is fed to a reverse water 
gas shift reactor 26 in which at least a portion of the carbon dioxide from the 
cooled stream 24 is reacted with at least a portion of the hydrogen fi-om the 
cooled stream 24 to produce carbon monoxide and water. The catalytic reaction 
is endothermic and, thus, a fiirther cooling effect on the syngas is observed. A 
25 stream 28 of carbon monoxide-enriched syngas is removed from the reverse 
water gas shift reactor 26 and introduced to the shell-side of an EHTR 30. 

A stream 32 of steam is introduced to the second portion 6 of the natural 
gas and the combined stream 34 is pre-heated by indirect heat exchange 36. 
30 The pre-heated combined stream 38 is introduced to the tube-side of the EHTR 
30. The tubes of the EHTR 30 contain conventional steam-methane reforming 
catalyst and the natural gas and the steam react to form second syngas 
product. Heat from the shell-side of the EHTR 30 provided at least in part by 
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the carbon monoxide-enriched syngas, is used to drive the endothermic 
catalytic steam-methane reforming reaction. 

The second syngas product leaving the tubes of the EHTR 30 is combined 
5 with the first syngas product to form a combined syngas product. A stream 40 
of combined syngas product is removed for downstream processing, in 
particular for the synthesis of hydrocarbon liquid fuels (e.g. by the F-T process), 
methanol (e.g. by the catalytic hydrogenation of carbon monoxide), oxo-alcohols 
and DME. 

0 

Tables 1 and 2 contains data for the composition of various streams in 
the process of Figure 1 calculated in a computer simulation. 
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Referring now to Figure 2, a syngas generation system 42 of the type 
depicted in Figure 1 is fed by a stream 2 of hydrocarbon fuel gas, a stream 14 of 
oxygen or air and a stream 32 of steam. A stream 40 of syngas is removed from 
the syngas generation system 42 and fed to a syngas conversion system 44. 
5 The syngas conversion system 44 may use an F-T process to synthesize liquid 
hydrocarbons or involve the synthesis of methanol, DME or oxo-alcohols. A 
stream 46 of raw conversion product is removed from the syngas conversion 
system 44 and upgraded and refined 50 to produce the liquid products 52. 

10 A stream 22 of reactive diluent gas is recycled from the syngas 

conversion system 44 to the syngas generation system 42. A recycle stream 54 
may also be taken from the product upgrading and refining process 50. 

Referring now to Figure 3, a stream 14 of oxygen and a stream 10 of 
15 natural gas are fed to a reactor 12 in which syngas is generated exothermically. 
A stream 20 of exothermically generated syngas product is removed from the 
reactor 12. A stream 22 of a first reactive diluent is injected into the syngas 
product stream 20 to form a combined stream 24 which is fed to a second 
reactor 26 in which either or both of a reverse water gas shift reaction and a 
20 gasification reaction take place. A stream 28 of reacted syngas product is 
removed from the second reactor 26 and is combined with a stream 56 of a 
second diluent fluid to form a combined stream 58 which is fed to a shell-and- 
tube style heat exchange reformer 30. The second diluent fluid may adjust the 
temperature of the reacted syngas product and/ or change the composition of 
25 the reacted sjoigas product which, inter alia, helps the refomer 30 to operate 
more efficiently. 

A stream 38 of natural gas is fed to the tube side of reformer 40 where it 
is reacted endothermically in the presence of steam to produce a second syngas 
30 product. Combined stream 58 is fed to the shell side of the reformer and, thus, 
heat originally firom the exothermic generation of syngas is used to drive the 
endothermic syngas generation reaction. A stream 40 of combined syngas 
product is removed from the reformer 30 and further processed. 
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Throughout the specification, the term "means" in the context of means 
for carrying out a function is intended to refer to at least one device adapted 
and/or constructed to carry out that function. 

It will be appreciated that the invention is not restricted to the details 
described above with reference to the preferred embodiments but that 
numerous modifications and variations can be made without departing from the 
spirit or scope of the invention as defined in the following claims. 
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